The gastrointestinal epithelium is one of the tissues with highest self-renewing rates under steady-state conditions, and it thereby constitutes an excellent model to better understand how tissues maintain homeostasis. In the past decade, intense research in this field has allowed identifying stem cells responsible for this task and has contributed to uncover the main molecular mechanisms associated with self-renewal and differentiation properties of these cells. One of the future challenges is to fully dissect signaling processes associated with adult regeneration to design new therapies in patients with gastro-intestinal disorders.
Notch activities. Amongst the most common other markers, CBCs express Ascl2, Smoc2, Olfm4, Tnfrsf19 and low levels of the Sox9 and Msi1 markers [2] [3] [4] [5] . Other populations of slowly-cycling or labelretaining (LRC) stem cells, located at the so-called "+4 position" above the Paneth cell zone, have been identified as expressing high levels of the following markers: Bmi1, Tert, Hopx, Lrig1 or Msi1 (Table 1 ) [5] [6] [7] [8] [9] . These LRCs are also referred reserve stem cells as they demonstrate low but significant long-term lineage tracing activity generating all intestinal lineages, essentially in the proximal intestine under homeostatic conditions ( Figure 1 ). Whether the cells isolated by these various markers represent a unique or distinct stem cell populations needs to be further clarified. Indeed, cells expressing high levels of Sox9 (Sox9 high ) have been reported to be enriched in both Bmi1 and Hopx markers, suggesting at least some overlapping in these reserve cell types [4] . Despite some controversy about the actual existence of a quiescent stem cell pool due to detection of reserve stem cell markers in Lgr5 + CBCs and some inconsistency in some of the available reporter mouse lines, increasing evidences point to the existence of reserve cells functionally distinct from the CBCs, displaying lower levels of Wnt activity together with reduced sensitivity to this pathway and lower levels of cell-cycle related genes along with higher expression of Cdkn1a (p21) as compared to the Lgr5 + pool [2, 3, 10] .
Stomach
The glandular stomach is organized into anatomical regions delineating two main types of glands. The proximal corpus glands contain several cell types: parietal cells producing hydrochloric acid, zymogen-secreting chief cells, hormone-generating endocrine cells as well as pit and neck cells secreting different types of mucins. The distal antral glands are mainly composed of pit, neck and endocrine cells [11] . Under homeostatic conditions, self-renewal of corpus glands is ensured by proliferative stem/progenitor cells essentially located in the central isthmus zone. Some of these progenitors have been identified as expressing TFF2 transcripts [12] . In the bottom of antral glands, Lgr5 + stem cells expressing several markers common to the small intestinal Lgr5 + stem cell pool have been demonstrated to give rise to all epithelial cell lineages ( Figure 1 ) [13] . Although not initially reported, recent studies have evidenced the presence of Lgr5 + cells in the corpus with characteristics of terminally differentiated chief
A Complex Adult Stem Cell Pool Under Homeostasis

Small intestine
The adult intestinal epithelium is a specialized tissue devoted to nutriments absorption, which also constitutes an important barrier against pathogens or environmental toxic agents. Under homeostatic conditions, this epithelium, made of a unique architecture of crypt/ villus units, constantly undergoes complete replacement in a period of time estimated between 2-5 days in the mouse. Such efficient self-renewal is ensured by active stem cells present in the bottom of the crypts that are also called Crypt base columnar cells (CBCs) and express Lgr5 as a specific marker ( Figure 1 and Table 1 ) [1] . CBCs are both able to self-renew and differentiate into all the cell lineages of the epithelium, absorptive enterocytes, mucus-producing Goblet cells, hormones secreting enteroendocrine cells, Paneth cells generating antimicrobial products and the Type 2 immune responseinducer Tuft cells [1] . This pool of actively cycling Lgr5 + stem cells exhibits a transcriptome coherent with high canonical Wnt and cells [14] [15] [16] . A distinct Sox2
+ stem cell population has been described to be located in corpus and antral glands but its transcriptome remains to be determined [17] . Another type of actively cycling cells, located above the Lgr5 + cell zone in antral glands, expresses the Cck2r marker and contributes to constant renewal ( Figure 1 ) [18] . This antral Cck2r + pool likely differs from the Cck2r + cells that label differentiated parietal and endocrine cells and some neck progenitors in the isthmus region of the corpus [19] .
Identification of Epithelial Progenitors Involved in Tissue Morphogenesis
Whereas coexistence of several pools of stem cells has been reported in the adult intestinal and gastric epithelia that ensure tissue homeostasis under steady-state conditions, much less was known till recently about the identity of fetal progenitors involved in tissue morphogenesis. In the mouse, the endodermally-derived gut tube, early organized into distinct organ-specific molecular domains, condenses around embryonic stage E9 to become a pseudostratified epithelium [20] . Around stage E14, equivalent to 9 weeks in humans, the intestinal epithelium undergoes repetitive rounds of remodeling, in part instructed by the underlying mesenchyme. This leads to emergence of villus units, a process designated "villogenesis/ villification" that is completed by E18.5 ( Figure 1 ) [21] . At birth, the generated villi contain differentiated cells and the intervillus regions contain proliferating Lgr5-expressing CBC precursors that are responsive to Wnt signaling [22, 23] . After birth, invagination of intervillus regions into the surrounding mesenchyme leads to formation of crypts, a niche in which reside adult stem cells together with Paneth cells [20] . Similarly, gastric glands emerge in the epithelium after a secondary specification stage taking place around E14-E15, an event also influenced by its crosstalk with the surrounding mesenchyme ( Figure 1 ) [24] . Since 2009, efficient protocols have been developed to culture ex vivo mouse or human adult stem cells, which can be maintained in culture for long-term and spontaneously differentiate into the various cell lineages of the tissue of origin, growing as organoids [25, 26] . Taking advantage of this culture system, the intestinal and gastric epithelial cells present before the onset of cytodifferentiation have been isolated and characterized (Figure 1 ). They grow as undifferentiated spheroids and express a transcriptome very different from the bona-fide adult Lgr5 + stem cells. Despite their dependence on autocrine Wnt ligand production for ex vivo growth, these progenitors do not rely on canonical Wnt signaling as it is reported in adult Lgr5 + cells, suggesting requirement for alternative Wnt pathways [16, 27] . Despite the fact that an organ-specific commitment is already present, intestinal and gastric progenitors share many similarities at the global transcription level in vivo and ex vivo allowing to define a common progenitor signature [16, 27, 28] . This list involves genes associated with tissue development, cell migration/adhesion as well as cell proliferation/ differentiation, processes which are obviously needed to generate brand-new villi or glands from an initial simple columnar epithelium [16] . Two prototype genes, highly expressed in these progenitors, are the cell surface molecule Trop2/Tacstd2 and the connexin Cnx43/ Gja1 (Table 1) . Using these markers to follow progenitor cell fate in vivo, it has been evidenced that Trop2 + /Cnx43 + cells lining the E14.5 epithelium generate pre-natal intestinal villogenesis and gastric gland formation. Their minor, if any, contribution to postnatal tissue formation is explained by progressive replacement of this transient progenitor population by adult Lgr5 + stem cells emerging after the beginning of the cytodifferentiation process in intestine and stomach [16, 27] . Ex vivo, fetal progenitors can be induced to mature into organoid-like structures of the tissue of origin when Wnt, Notch, gastrin and Fgf signaling pathways are modulated [16, 27, 29] . In vivo, a proof-of-concept experiment has demonstrated that the immature fetal intestinal cells have also the potential to mature within damaged adult colon into the appropriate regional identity, likely induced by micro-environmental cues, leading to efficient epithelial regeneration in the mouse model [29] . The signals deriving from the surrounding tissue (likely the mesenchymal compartment) that promote epithelial maturation remain to be identified. The developed alternative ex vivo culture system generating adult intestinal or gastric tissues from induced pluripotent stem cells and containing both mesenchymal and epithelial populations may help to clarify this question [30, 31] .
Adult Regeneration
Many efforts have been made in the past years to identify which cell types and molecular pathways are activated in adults upon injury to restore the original tissue architecture. Besides a definitive role of mesenchymal cells not reviewed here [reviews: 32, 33] , both reserve and facultative epithelial stem cells are involved in regeneration processes (Figure 1 ).
Small intestine
The actively cycling Lgr5 + stem cell pool is a radiosensitive cell type at ionizing radiation doses of 10-15 Gy. After irradiation, tissue architecture can however be maintained due to re-activation of Tert + / Bmi1 + reserve stem cells that generate new Lgr5 + cells, ensuring in this way epithelial turn-over [7, 10] . A similar process occurs if Lgr5 + cells are specifically ablated with diphtheria toxin [34] . Nonetheless, if irradiation takes place in an Lgr5-depleted epithelium, regeneration is impaired providing evidence for an essential role of Lgr5 + cells to finally reconstitute tissues [35] . Interconversion between the active CBCs and the reserve stem cell pools (expressing high levels of the Hopx/Bmi1/Tert markers) has been evidenced and is, at least in part, regulated by Notch signaling [36] . In terms of gene expression, the radiation-activated reserve Sox9 high stem cell pool undergoes significant transcriptomic changes favoring re-entry into the cell cycle and stimulation of DNA recombination and repair processes, but also modifications in cell adhesion/motility properties as well as shift towards downregulation of oxidative processes [4] . Noteworthy, part of this Sox9 high population corresponds to terminally differentiated enteroendocrine cells that can re-acquire proliferation capacity at early post-irradiation stages and can be viewed as "facultative" stem cells [4] . Such cell plasticity induced by damage has also been reported for
cell markers and switch back to a proliferative state [37, 38] . Moreover, committed progenitors can also revert to a stem celllike state, as demonstrated for progenitors of the secretory lineages expressing the Notch ligand Dll1 + upon irradiation [39] . Similarly, absorptive-lineage progenitors expressing Alpi down regulate enterocyte-specific markers while re-expressing the CBC markers Ascl2 and Smoc2 upon Lgr5 + stem cell loss [40] . Finally, a population of radioresistant Krt19 + /Lgr5
-cells, identified in the proliferative compartment above the "+4 position" zone and extending till the crypt isthmus, continue to lineage-trace upon irradiation consistent with stem cell expansion contrary to the radiosensitive CBC type [41] .
Recent reports have also investigated changes in stem cell pools upon physiological alterations related to nutrition. Long-term caloric restriction sensed by Paneth cells, or high fat diet can enhance stemness of actively cycling Lgr5 + cells [42, 43] . Moreover, PTEN, a negative regulator of the PI3K>AKT>mTORC1 pathway activated by growth factors like insulin and IGF1, plays a key role in maintenance of reserve stem cell pools [44] . Acute nutrient deprivation causes a transient inhibition of PTEN activity driving these cells into a "poised" state in which they are functionally ready to contribute to intestinal regeneration upon refeeding [44] . Permanent PTEN deficiency leads to exhaustion of the reserve stem cell pool that compromises efficient regeneration in case of tissue irradiation [44] . Interestingly, stimulation of reserve Sox9 high cells with IGF1 enhances cell proliferation and metabolic shift towards glycolysis under radiation-induced regeneration [45] . Together, these studies point to a critical influence of the nutritional status on the efficiency of tissue regeneration.
Stomach
In the corpus, the marker Tnfrsf19/Troy labels differentiated parietal and chief cells at the gland base under steady-state conditions [14] . However, depletion of the proliferating isthmus compartment induces reactivation of differentiated Troy + cells, which acquire stem cell-like properties and repopulate corpus glands [14] .
In antral glands, hormonal treatment with progastrin increases the number of Cck2r + /Lgr5
-stem cells and induces their interconversion into Lgr5-expressing cells. This activated signaling globally promotes gland fission [18] . Similarly, a rare pool of dormant Vil1-traced cells can be reactivated upon interferon gamma treatment, leading to repopulation of entire antral gland units [46] . In both cases, the potential transcriptomic changes occurring in these stem cells to promote tissue renewal remain to be investigated.
Recently, analysis of global transcripts from antral glands undergoing regeneration after depletion of the Lgr5 + stem cell pool has been reported. Soon after induction of Lgr5 ablation, differentiated cells of the mucus neck and endocrine lineages, located in proximity of the damaged area, start to express the prototype fetal progenitor marker Trop2 [16] . Over time, the majority of reactive Trop2
+ cells enter the cell cycle allowing repopulation of the whole gland. As compared to adult Lgr5 + stem cells, the ones re-expressing Trop2 + show lower levels of other gastric reserve or facultative stem cell markers (Cck2r, Tnfrsf19, Vil1) [16] . Overall, re-expression of Trop2 in adult cells is associated with substantial changes in their transcriptome consistent with a shift towards a fetal-like expression pattern similar to that exhibited by fetal gastric Trop2 + or cultured spheroids, and that is characterized by activation of the whole proliferation machinery, induction of genes involved in tissue morphogenesis and organ development [16] . Another type of injury induced by high dose administration of a non steroidal antiinflammatory drug (indomethacin) also involves re-expression of Trop2 in epithelial areas close to damaged glands, suggesting that this may represent a program commonly activated for tissue regeneration in stomach [16] .
Concluding Remarks
Fundamental research in the stem cell field is instrumental to ultimately develop therapies with improved efficacy in digestive regenerative medicine. Recent studies have provided significant advances in the development of tools to isolate, culture ex vivo and analyze global transcriptome of stem cells at the single cell level. Multiple types of active or quiescent stem cells showing potential interconversion have been reported, but basic research is still needed to get a full picture of potential relationships between these various cell types and molecular pathways controlling their activated or dormant state in steady-state or regeneration conditions. Besides, in case of injury, cell dedifferentiation associated to partial and transient re-expression of a fetal program, also takes part to regeneration. Whether persistence of such regenerative process, potentially enhanced by chronic inflammation, might ultimately lead to malignant transformation, will have to be addressed in the future.
